This paper gives a brief history of the scientific considerations leading to the development of laser isotope separation (LIS) processes. The close relationship of LIS to the broader field of laser-induced chemical processes is evaluated in terms of physical criteria to achieve an efficient production process. Atomic-vapor LIS processes under development at Livermore are reviewed.
and in some cases led to the la-ge-scale production of isotopes.
Not surprisingly, the primary methods for separating isotopes have been based on the bulk transport properties of a medium containing a mixture of isotopes, i.e., differential transport of isotopic components in a multicomponent fluid (gas, liquid, or plasma).
Several of the more important methods of this type are:
Gaseous diffusion. Centrifugation (gas, liquid, or plasma).
Mass spectrometry. Chemical exchange. Distillation.
All of these have been used to produce significant quantities of isotopes, but gaseous diffusion (for uranium) and distillation (for deuterium) have operated at the largest scale.
Although spectroscopic differences between isotopes of individual atoms or molecules were known to exist, these differences are quite small. It selectively photoionize 235U in a stream of atomic uranium vapor. The ionized 235U would be removed from the vapor using electromagn tic forces and collected on plates, while the 2 8U would flow past the collector plates largely undisturbed by the laser light. Other photophysical processes emerged in the early 1970s, but the only other one to receive serious financial support was based on the concept of selective photodissociation of UF6. In this process the isotopic selectivity derives from differences in the vibrational spectra. The molecule is vibrationally excited with infrared lasers and then photodissociated into UF5 and F using ultraviolet lasers. The dissociated product condenses as a powder on a collector and the remaining gas flows past the product collector largely unaffected.
In the early 1970s the laser isotope separation (LIS) program at Livermore began. Though many different laser processes were explored in the early years, we soon focused on the atomic vapor (AVLIS) process.
The AVLIS program is both important to and illustrative of the general application of lasers in chemistry. Figure 1 gives some perspective on how long it takes to get a process into production and shows what we think might happen in the future. Scientific feasibility for uranium LIS was demonstrated in the early 1970s. Development of the process and investigation of the economic potential were continued throughout the 1970s. Intensive economic analyses have been performed in the last few years and we are now entering into a very intensive engineering effort leading to a production plant in the early 1990s.
We believe that in the next decade there will be a much more orderly scientific evaluation of industrial photochemistry. There was a certain amount of euphoria in the 1970s that is beginning to wear off, but we believe there will be more fruitful research in the 1980s and there will be enough major applications of lasers once they have undergone careful examination. We can expect in the 1990s to see industrial photochemistry emerge. AVLIS is expected to be the first use of lasers on an industrial scale and we believe it will help the general acceptance of laser technology by the chemical industry and the general acceptance across the board of laser technology in commercial processes.
General Consideration of Laser Process Economics
In evaluating laser processes, we have found a simple expression to be quite useful:
Unit)Product Unit Handling 1(A) Laser It relates unit cost of product to the (life-cycle) cost of laser energy, to the laser energy required per unit, and to the cost of handling the material throughout the process in a form compatible with laser processing. Although we have been primarily concerned with LIS processes, this formulation is equally useful in evaluating a wide range of laser applications such as laser sorting, photochemistry, laser annealing, cutting, or welding.
An analysis of the four terms in this expression can form the basis for judging the viability of a laser process in the market place.
o The unit cost of product must be small compared to that for alternative nonlaser processes. The cost for the laser-based process must be small compared to the forward (operating only) cost to displace existing production, but need only be smaller than the total (operating plus capital) costs for new production. The design approach for our basic CVL-pumped dye laser system that accommodates these availability and reliability requirements is shown in Fig. 2 . The laser system consists-of two major modules, the waveform generator and the power amplifier. The waveform-generator module provides the temporal, spatial, and spectral waveform required to drive the photoionization process. The waveform-generator output power is amplified by the power-amplifier module, which in turn provides sufficient power to illuminate the uranium vapor in the separator modules.
The waveform generator consists of several dye laser oscillators whose frequencies and spectral bandwidths are precisely controlled. Each is tuned to the exact frequency of the particular uranium transition required in the photoionization process. Electro-optic hardware serves to acquire, monitor, and control the frequency of each of these lasers. Since failure of a single waveform generator is sufficient to terminate plant production, a redundant waveform generator is provided to ensure that this subsystem has a high degree of availability.
Once the basic frequency has been generated by the dye laser oscillator, it is amplified in a power-amplifier chain. This master-oscillator/poweramplifier (MOPA) configuration was chosen for the dye lasers because it permits tailoring of the laser-beam quality, spectral content, etc., at low power levels where conversion efficiency is unimportant.
The power to excite these dye lasers is provided by CVLs. These lasers pump both the oscillators and preamplifiers in the waveform generator as well as the high-power dye amplifiers located in the poweramplifier modules. This laser-system configuration allows the final amplifier stages to operate with high extraction efficiency so that the overall conversion efficiency from CVL light to tunable radiation can attain a value that approaches the theoretical Stokes efficiency.
A MOPA chain configuration was also selected for the CVLs because it allows high extraction efficiency and accommodates the short excitation lifetime of the upper laser level. The CVL MOPA chains are supported on large concrete monolithic structures that also supply integrated services such as buffer gas, cooling water, electrical power, and diagnostics and controls. Each chain consists of a small-bore oscillator and four large-bore series amplifiers (small bore > 3-cm diam, large bore -8-cm diam). Lasers with these diameters have already been demonstrated in our laboratories. Larger-diameter lasers are currently under consideration. In the MOPA chains, each amplifier contributes -100 W to the chain output power. Each power-amplifier module includes nominally 30 MOPA chains. High availability from each set of CVL MOPA chains is provided by one or more redundant chains that are operated hot and Fig. 2 oscillator performance at well above 100 W (amplifier power is typically 30% higher than oscillator power). One of these 100-W lasers is shown operating in Fig. 6 .
In pursuit of a laser system that would be capable of enrichment experiments and would provide a demonstration of laser electro-optic integration, we began in 1975 to design and assemble a prototypical AVLIS laser system. As in our AVLIS plant design, the system consists of two major entities, a waveform generator (SPP-II) and a power amplifier (Venus); this SPP-II/Venus system is shown in Fig. 7 . This composite system demonstrates all of the basic Fig. 6 . Large-bore CVL oscillator operating at approximately 90-W output power. functions of a plant laser electro-optical system. It includes 40 CVLs, 5 dye master oscillators (for fast and convenient frequency agility), 7 dye preamplifiers, and a full complement of transport optics, support structures, and diagnostics and controls. Dye master oscillators are held on frequency with automatic controls. An autoalignment system maintains the pointing accuracy for the beams to be amplified in Venus and the relative timing of all CVLs is under computer servo control. The complete system provides tunable power for use in enrichment experiments and in other evaluations of the AVLIS process performance. This laser system typically runs 13 h/day, 5 days/week, and has accumulated greater than 2000 CVL h/week of operation. In a recent series of tests we operated the system in an intensive manner. It was on 18 to 19 h/day and available to deliver power 14 to 15 h/day. In one elapsed time period of 92 h, the system, even though it was not operated around the clock, was in a system-ready mode for more than 50 h, or 55% of the time.
AVLIS Program Development
Construction of several additional laser electrooptical systems is planned for the intermediate time period between now and a full production facility. The two largest systems are the Special IsotopeSeparation Laboratory (SISL) system, expected to become operational at LLNL in the 1984-85 time period, and the Development Demonstration Module (DDM) system to be built in Oak Ridge, TN, by Union Carbide Corporation and LLNL for operation in 1988. An important purpose of the laser system within the DDM is to prototype the subsequent production system. The SISL laser system, expected ultimately to supply tunable output power at the kilowatt level, is shown in Fig. 8 . The SISL building is presently under construction. Lowthroughput separator
